SUMMARY We studied 58 patients with aortic valve disease (AVD). Twenty-three patients had aortic stenosis (AS), 17 aortic insufficiency (Al) and 18 combined lesion (AS + Al). In these 58 patients and in 10 control subjects, left ventricular (LV) high-fidelity pressure and single-beam echocardiographic measurements were carried out simultaneously. Relaxation was assessed from peak negative dP/dt (index of left-heart relaxation) and peak negative dS/dt (index of myocardial relaxation, S = meridional wall stress). Peak negative dP/dt was 1793, 1645 and 1373 mm Hg/sec in AS, AS + Al and AI, respectively, and did not differ from the value in control subjects (1589 mm Hg/sec). LV peak systolic pressure was higher in AS (212 mm Hg, p < 0.01), AS + Al (190 mm Hg,p < 0.01) and Al (144 mm Hg,p < 0.02) than in control subjects (116 mm Hg). In contrast, peak negative dS/dt was increased in AS (1415 10i dyn/cm2/sec,p < 0.01), in AS + Al (1467 108 dyn/cm2/sec, p < 0.01) and in Al (1355. 108 dyn/cm'/sec, p < 0.02) compared with control subjects (900 * 108 dyn/cm2/sec). LV Speak was 131 * 10' dyn/cm' in controls and was increased (p < 0.01) in all three groups with AVD (261, 257 and 212 * 108 dyn/cm3, respectively). Linear regression analysis between peak negative dS/dt and Sp..k yielded significant correlations in controls (r = 0.84), in 27 patients with AVD and normal LV systolic function (r = 0.79) and 31 patients with AVD and depressed LV systolic function (r = 0.79). Slopes and intercepts of these three regressions did not differ significantly. In 33 patients with AVD (12 AS, 11 AS + Al, 10 Al) in whom the early relaxation phase (A2 to mitral valve opening) could be determined from combined echophono measurements the time constant of LV pressure decay (T) was calculated from the regression plot of negative dP/dt vs LV pressure. T, which was also considered an index of chamber relaxation, was increased in AS (67 msec,p < 0.01), in AS + Al (68 msec,p < 0.01) and in Al (56 msec,p < 0.05) compared with control subjects (41 msec). T was similar in 20 patients with depressed and 13 with normal LV systolic function. T did not correlate with Spak but did correlate with LV angiographic mass (p < 0.01, r = 0.40).
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We conclude that in LV hypertrophy secondary to AVD, the speed of left-heart relaxation is impaired, but the peak rate of myocardial relaxation is unaltered. Abnormalities of LV systolic function have no direct bearing on relaxation, and the extent of LV hypertrophy appears to be a determinant of left-heart relaxation.
THE SPEED of left ventricular relaxation has been investigated at rest in patients with coronary artery disease" 2 and after induction of acute ischemia.3" Only a few reports deal with the relaxation process in the hypertrophied myocardium. Studying cat papillary muscles hypertrophied from chronic pressure overload, Parmley and Sonnenblick7 found an increased time constant of isometric tension decline after an afterloaded contraction. Increased duration and reduced velocity of relaxation were reported in isovolumically contracting hypertrophied left hearts of rats whose abdominal aorta had been coarcted for 3 months. 8 In patients with hypertrophic cardiomyopathy, an increased time constant of isovolumic left ventricular pressure decay (assessed from the quotient Pat peak negative dP/dt/peak negative dP/dt)9 and a prolonged time interval from the point of minimal left ventricular cavity dimensions to mitral valve opening (MVO)10 have been described. Delayed MVO was also observed in patients with aortic stenosis before as well as after aortic valve replacement.', 11 Although these investigations suggest impaired relaxation in hypertrophy, the analyses in humans with hypertrophy9'11 appear to be incomplete because they do not take into account the size and the wall thickness of the left ventricle, which can be markedly abnormal in patients with hypertrophy.
We studied left ventricular relaxation in patients with secondary hypertrophy from aortic valve disease using both peak rate of decay of left ventricular pressure (peak negative dP/dt) and of meridional wall stress (peak negative dS/dt) as indexes of relaxation. We also investigated the relationship of these indexes of relaxation to systolic function and, in a subgroup of patients with hypertrophy, determined the time constant of left ventricular pressure decay during the early relaxation phase. '2 Material and Methods
Patients
Fifty-eight patients (47 males and 11 females) with aortic valve disease underwent diagnostic right-and left-heart catheterization, single-beam echocardiography and biplane right (RAO) and left anterior (LAO) oblique cineangiography. Premedication consisted of 10 mg of oral Librium. After the diagnostic part of the investigation, a Millar #7F micromanometer-tip angiographic catheter was introduced trans-VOL 65, No 7, JUNE 1982 septally into the left ventricle.18 Informed consent was obtained for this study. The hemodynamic data characterizing the three types of aortic valve disease are presented in table 1. Twenty-three patients had aortic stenosis (AS) defined as an aortic mean systolic pressure gradient (MSPG) . 20 mm Hg and an aortic regurgitation fraction (fao) < 0.20 by thermodilution. Eighteen patients had both aortic stenosis and aortic insufficiency (AS + Al) (MSPG > 20 mm Hg, fao . 0.20) and 17 had Al (MSPG < 20 mm Hg, fao . 0.20). Selective coronary arteriography was performed in 47 patients and excluded coronary artery disease in 44. Two patients had a 50% stenosis of the left anterior descending coronary artery and one patient had a 50% stenosis of the circumflex artery. The left ventricular cineangiogram showed no localized wall motion abnormality in these patients. The 11 other patients (nine males and two females), all of whom were younger than 38 years old, did not undergo coronary arteriography. All patients were in sinus rhythm and the duration of the QRS did not exceed 0.11 second. Thirty-four of the 58 patients were taking maintenance doses of digitalis at the time of catheterization.
Ten patients (five males and five females) with minimal or no heart disease who were investigated by the same techniques served as controls. The diagnoses were functional systolic murmur in four patients and small atrial septal defect, minimal infundibular pulmonic stenosis, dilated ascending aorta, atypical chest pain, minimal mitral insufficiency and slight mitral valve prolapse without reflux in one patient each.
Measures of Systolic Function
The first derivative (dP/dt) and the instantaneous quotient ([dP/dt]/P) of left ventricular pressure's were obtained from the high-fidelity left ventricular pressure curves recorded at a paper speed of 200 or 250 mm/sec on an oscillograph (Electronics for Medicine DR-16 or VR-12). The peak measured velocity of contractile element shortening (Vpm) was calculated as previously reported."3 14 Normal Vpm in our laboratory is 1.14-1.96 muscle lengths (ML)/sec. Abbreviations: Al = aortic insufficiency; AS = aortic stenosis; BSA = body surface area; EDVI -end-diastolic volume index; EF -ejection fraction; ESVI = end-systolic volume index; HR = heart rate; LMMI = left ventricular muscle mass; LVEDP = left ventricular end-diastolic pressure; LVSP = left ventricular peak systolic pressure; peak dP/dt = maximal rate of rise of left ventricular pressure; Vpm -peak measured velocity of shortening of the contractile elements; ML = muscle lengths. dP/dt up to mitral valve opening.12' 17, 18 Although the calculation of T would at first glance only make sense in subjects with an isovolumic relaxation period and therefore would apply solely to our controls and the patients with pure AS, we extended the estimation of T also to the patients with aortic regurgitation because the delay in pressure decay due to blood influx into the left ventricle after A2 is counteracted by the acceleration effect of force or elongation on the relaxing muscle."' Assuming that the acceleration effect compensates for the effect of influx, an increased T (reduced rate of pressure decay) in the presence of aortic regurgitation is likely to represent a true reduction of the speed of relaxation.
In 33 patients with aortic valve disease (12 AS, 11 AS + AI, 10 AI) and in the 10 controls, A2 and echocardiographic MVO were clearly visible. The time interval between A2 and MVO represents the early relaxation phase (ERP), the pressure decay used to calculate T. ERP was measured in four or five heart cycles and the average value (ERP) was added to the time at A2 marked on the tabulated printout of the pressure cycle chosen for analysis. All negative dP/dt and P values falling within ERP were used to calculate T except those at or before peak negative dP/dt. In patients in whom peak negative dP/dt occurred before A2, the calculation of T was begun at A2. T was determined using the technique originally suggested by Murgo and Craig and described by Weisfeldt et al. '2 that allows the calculation of T when only intracavitary pressure rather than transmural pressure is measured or when there are baseline shifts in the pressure record ( fig. 3 ).
Statistical Analysis
For intergroup comparisons, the SPSS program ONEWAY20 was used. If the analysis of variance was significant, p values were obtained by the least-significant-difference (LSD) procedure; otherwise, the Scheffe procedure was applied. For the interpatient comparison of correlation coefficients of linear regression analyses (negative dP/dt vs P), the Wilcoxon rank-sum test was used. Slopes and intercepts of regression lines were compared by covariance regression analysis.21
Results Hemodynamic Data and Indexes of Systolic Function (table 2) Left ventricular peak systolic and end-diastolic pressure, end-diastolic volume index and muscle mass index were significantly greater in all three groups with aortic valve disease than in the control group. End-systolic volume index was increased significantly only in patients with AS + Al and Al. Heart rate did not differ between the four groups. Vpm and biplane EF were significantly reduced in the three groups with aortic valve disease except EF in the patients with AS. Thirty-one patients had depressed Vpm (< 1. 14 ML/sec) or EF (< 0.57) (10 AS, nine AS + Al, 12 Al). In 27 patients with aortic valve disease, both systolic contractile indexes were normal.
Indexes of Left Ventricular Relaxation (table 3) Peak negative dP/dt did not differ significantly between the three groups with aortic valve disease and the control subjects. In contrast, peak negative dS/dt was significantly increased in all three groups with aortic valve disease. Peak systolic meridional wall stress was also significantly increased in AS, AS + Al and Al. In the control subjects and in the two subgroups of the patients with aortic valve disease and either normal (n = 27) or depressed (n = 31) left ventricular systolic function, there were significant linear RELAXATION IN HYPERTROPHY/Eichhorn et al. Peak negative dS/dt occurred before peak negative dP/dt and A2 in all four groups (table 4). The time interval between peak negative dS/dt and peak negative dP/dt was somewhat longer in the patients with aortic valve disease than in the control subjects (NS). Peak negative dP/dt occurred at or within a few msec of the first vibrations of A2. No statistical differences between the four groups were observed. The early relaxation phase (table 3) was slightly and insignificantly longer in the patients with aortic valve disease than in the controls. T was significantly greater in all three groups with aortic valve disease than in the control group.
The correlation coefficients of the individual regressions of negative dP/dt vs P during the ERP that served for the determination of T were higher in the control subjects than in the three groups with aortic valve disease (table 3). The lower correlation coefficients in the patients with aortic valve disease ( fig. 5 ) occurred because the relationship of negative dP/dt vs P showed often a biphasic slope with an early flat portion and a steeper portion toward MVO. To test whether the faster left ventricular pressure fall before MVO might have been related to the aortic refluxeven though a progressively faster decrease appeared unlikely because, theoretically, the acceleration effect must cease as soon as it overcompensates the delaying effect on pressure decay due to blood influx after A2 -the r values of patients with AS in whom no aor-FIGURE 3. Determination of the time constant of isovolumic pressure decay (T) from the linear regression between negative dP/dt and left ventricular pressure (L VP). The data are from a control subject whose average early relaxation phase (ERP) was 65 msec, during which nine pairs ofdata points were obtained. The formula'2 for the leastsquares regression was dP/dt = T (P-PB), which derives from the general formula of exponentional pressure decay P = P0 e l'T + PB, where PB is an additional pressure different from zero reference level for P (as with baseline shifts). From tic reflux was detectable (pure AS, n = 9) were compared with those of the controls. In pure AS, r = 0.972 ± 0.022 (p < 0.05 vs controls, r = 0.988 ± 0.009). In the other patients with aortic valve disease (n = 24; three AS with minimal reflux, 11 AS + Al, 10 Al) who had minimal-to-severe aortic reflux, r = 0.969 ± 0.019 (p < 0.002 vs controls). Thus, the biphasic slope is probably inherent to the relaxation of the hypertrophied left ventricle in aortic valve disease.
When the 33 patients with aortic valve disease in whom T was determined were further divided into a group with normal (n = 13) and a group with Peak negative dP/dt was not significantly different in the three groups of patients with aortic valve disease or in the controls. However, peak negative dP/dt does not reflect exclusively the inherent speed of relaxation of the left ventricle, but is also influenced by the peak systolic pressure, the end-systolic fiber length and the heart rate.22-25 If these determinants of peak negative dP/dt, which have been evaluated in acute studies in experimental animals, are operative in patients with chronic left ventricular pressure and volume overload the following arguments appear to be'pertinent: In all three groups of aortic valve disease, left ventricular peak systolic pressure was increased and end-systolic volume index, which might be taken as a measure of end-systolic fiber length, was increased in AS + Al and in Al. Heart rate did-not differ. Thus, in the patients with aortic valve disease the determinants of peak negative dP/dt were altered as to produce a higher-than-normal peak negative dP/dt. However, this was not observed ( fig. 6 ) and therefore a relative depression of peak negative dP/dt and hence an impaired speed of left ventricular relaxation appeared to be present in the three groups of aortic valve disease.
The determinants of peak negative dS/dt have to T.J, e,38y '' "0' FIGURE 6. Relationship between peak negative dP/dt and left ventricular peak systolic pressure (L VSP) (left) and between peak negative dS/dt and peak systolic stress (right). Despite a significant increase of L VSP in all three groups with aortic valve disease, peak negative dP/dt did not differ significantlyfrom that in the control group. This indicates a relative depression ofpeak negative dP/dt and, hence, impaired relaxation of the left-heart chamber. In contrast, the increased peak systolic stress in the three groups with aortic valve disease was associated with an increased peak negative dS/dt. Thus, left ventricular myocardial relaxation appears to be unaltered. Peak negative dP/dt = peak rate of decay ofleft ventricular pressure; peak neg dS/dt = peak rate ofdecay ofleft ventricular meridional wall stress; C = control group; AS = aortic stenosis; AS + AI = combined aortic valve lesion; AI = aortic insufficiency.
our knowledge not been defined in the ejecting left ventricle of the experimental animal. In analogy to the increase of peak negative dP/dt consequent to an increase in left ventricular peak systolic pressure,22 24 an increase in peak negative dS/dt at an increased peak systolic stress would-be expected. In fact, significantly increased values of peak negative dS/dt in AS, AS + Al and AI were associated with commensurately increased values of peak systolic' stress ( fig. 6 ). Moreover, the relationship between peak negative dS/dt and peak wall stress was similar in patients with normal and those with depressed left ventricular systolic function ( fig. 4) . Thus, based on peak negative dS/dt, relaxation was unaltered in secondary hypertrophy from aortic valve disease and peak negative dS/dt seems to be determined by peak stress regardless of the actual level of systolic function. The conclusions'as to the presence or absence of relaxation disturbances one derives from the relationship between peak negative dP/dt and P on one hand and from the relationship between peak negative dS/dt and peak stress on the other appear at first glance to be contradictory. However, peak negative dP/dt is related primarily to the speed of relaxation of the left-heart chamber, whereas peak negative dS/dt might reflect more closely the speed of left ventricular myocardial relaxation. Because in normal subjects26 and in patients with hypertrophy,'1 shortening of the left ventricular diameter and thickening of the wall progress until A2 or sometimes until MVO, the rate of decay of muscle stress does not parallel the rate of pressure decline, and hence, the latter may be modulated such that peak negative dS/dt increases, while peak negative dP/dt does not change. Thus, in hypertrophied states, relaxation dynamics of the chamber could be abnormal despite normal relaxation of the myocardial fibers. We recognize that the calculation of meridional wall stress does not take into account left ventricular geometry, as the long ventricular axis was not determined. However, no method allows twodimensional images of the left ventricular cavity to be recorded fast enough to determine the events of relaxation. Two-dimensional echocardiography has an image rate of 30 frames/sec and standard cineangiography 50 frames/sec; in the present study, the simultaneous echo-pressure measurements were digitized at a rate of 400 coordinates/sec. Nevertheless, singlebeam echocardiography is not ideal for determining meridional wall stress because we have no proof that left ventricular diameter and wall thickness are measured strictly at the same myocardial location throughout the cardiac cycle. We also assume that with respect to the long ventricular axis, the echocardiographic measuring site was at the same height. However, the tips of the mitral valve may not be at the same cross-sectional level in a normal and an elongated left ventricle. Finally, we had to assume that the myocardial properties at the site of measurement are representative of the entire left ventricle.
The early relaxation phase was somewhat longer in the patients with aortic valve disease than in the control subjects (NS). Gibson et al. 10 and Hanrath et al." reported an increased time interval between minimal cavity dimension and the onset'of mitral valve opening in patients with secondary hypertrophy-from aortic stenosis or arterial hypertension. This specific time interval is shorter than the true ERP, and direct comparison with the true ERP is complicated because there is no consistent relationship between A2 and minimal cavity dimension in various forms of left ven- fig. 5 ), including data points beyond the MVO that is likely to occur when data points are used down to the level of end-diastolic left ventricular pressure'7' 25 leads to a too short T. Conversely, the use of a fixed time interval (80 msec)2 would lead to an erroneously long T when the effective early relaxation phase exceeded the assumed time interval. Therefore, we believe that the calculation of T requires determination of the exact time of MVO.
The duration of ERP did not correlate significantly with T. This implies that a valid assessment of the time course of left ventricular pressure decay from the noninvasive determination of the ERP is precluded.
In conclusion, the unchanged peak rate of left ventricular pressure decay at an increased peak systolic pressure and the increased time constant of pressure decay during the early relaxation phase indicate an impaired speed of left-heart relaxation in patients with secondary hypertrophy from aortic valve disease. The magnitude of the time constant was related to left ventricular hypertrophy as estimated from the angiographic muscle mass, but did not differ between patients with normal and those with depressed left ventricular systolic function. In contrast to left-heart relaxation, myocardial relaxation appears to be unaltered because peak rate of decay of left ventricular wall stress was increased in accordance with the increased peak systolic stress.
RECENT STUDIES in isolated muscle and in intact animal hearts have given insight into the mechanisms relating contractile behavior, electrical events in the cell membrane and the interval between beats. 1`5 These studies have demonstrated dependence of contractile force of a beat upon the interval preceding it and the force, action-potential duration, and timing of the beats leading up to that interval. These findings have been interpreted in terms of calcium fluxes into and within the cell. The concept has arisen of an intracellular calcium store whose contents are discharged to activate the contractile proteins on each depolarization. This store takes a finite time to refill, and thereafter loses calcium by leakage if depolarization is delayed; thus, an optimum interval between beats exists. The store is filled from two sources: calcium released from the contractile proteins on the previous beat and calcium entering the cell during the depolarization phase of previous action potentials. Thus, there is also dependence upon the force and frequency of preceding beats.
Interval-strength relationships in animal preparations can be explained by such a model, and we wished to establish whether it was also applicable in man. We therefore examined the relationship between an index of contractile force and beat-to-beat interval in conscious human subjects with and without coronary artery disease.
Methods

Patients
Each patient gave informed consent before the study, which had been approved by the Ethical Committee of the Brompton Hospital. Subjects were studied during the course of diagnostic cardiac catheterization, without premedication. We did not make the decision to perform cardiac catheterization. Clinical and catheterization findings for the patients in whom we studied mechanical performance of the left ventricle are listed in table 1. Eight of these (group A) had no significant hemodynamic abnormality; seven
